The resolve of journal bearing field problems and the full vibrational assessment of an industrial gas turbine, simple cycle rotor train, ABB's GTllN2 is presented. Three units experienced several times damage of the journal bearings on the compressor end. The analysis of the damage, including tests, indicated that insufficient jacking oil flow was the cause. The jacking concept was corrected and starting history has proven reliable operation, resulting in not one additional failure.
INTRODUCTION
Three ABB GTllN2s, an upgrade of the proven GT11N1, went into commissioning at Kentucky Utilities (KU) during 1994. In the beginning of 1995, after a significant number of starts had been accumulated on the fleet, it was realized that the conclusively proven that these strongly loaded journal bearings can operate very reliably, as not one additional failure has occurred.
At the end of the same period, two last stage blades of one of the machines failed due to simultaneous high stochastic excitation at two natural .frequencies. Neighboring blades were damaged additionally, resulting in a big unbalance. The excessive vibrations caused the machine to trip immediately, and the turbine casing fulfilled its containment function perfectly. Due to high vibrations some auxiliary piping was damaged, leading to the loss of lube oil and the destruction of the babbitt in the journal bearing liner. However, the rotor came to a safe stop, and only some rubbing and burrs had to be rectified on this part.
At this stage, it was decided between KU and ABB, to launch an extensive vibration measurement program including unbalance testing in order to better understand the dynamic behavior of the machine and the damage and rubbing pattern of the train. This program was contracted to Bently Nevada Corporation (BNC), with extensive infrastructure support of KU, and definitions and supervision of the measurement by ABB. The results of the measurement proved excellent rotor balance, and verified original assumptions on rotordynamic design parameters. Additionally, it was found that there are absolutely no fluid induced instabilities. The joint effort of the owner, the OEM and the contracted vibration measurement consultants allowed to fully assess and prove the rotor dynamic integrity of the gas turbine. (90 F) and 50% relative humidity at an elevation of 270 m (884 feet) above sea level.
Initial hot commissioning began with liquid fuel only on the first two units in April 1994 since construction of the natural gas pipeline was not complete. Operational and hardware related difficulties delayed commercial operation and resulted in a major inspection of one ofthe units. During this inspection the compressor bearing was found to be moderately wiped, where upon the OEM made the decision to have the bearing repoured. The failure mode assessment was not conclusive, two possibilities were considered to be potentially the root cause, either high loading, or contaminated lube oil. The machine was reassembled with the repaired bearing which failed during the first idle speed FIGURE GTllN2.
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221 attempt during recommissioning. Inspection of the bearing revealed heavy wiping. Again, the cause was unclear, either poor quality pour ofthe repaired bearing, or again contaminated lube oil was judged to be the cause.
By this time hot commissioning of the second unit on gas fuel was well under way with base load optimization runs being attempted. During these runs high bearing metal temperature alarms and associated protective load shedding were observed, as well as unexpected temperature differences between the two axially spaced thermocouples of individual bearing shells. The same behavior eventually was seen in the first unit as well. Additionally, the third unit experienced two compressor bearing failures during its initial hot commissioning before achieving base load. In both cases it was determined that high loading was a contributing factor but not likely to be the root cause.
As not only the E.W. Brown GT11N2 units were in the commissioning phase, a considerable amount of starts were amassed during a short period of time, and six compressor bearing failures manifested in babbitt wiping in three individual units within a total of 224 start stop cycles. An overview of starts and failures before and after rectification of the problem is given in Table I . Apparently, looking at the overall picture contaminated lube New   71  66  381  265  2  69  57  310  228  3  7  82  10  363  4  0  53  0  221  5  11  59  39  356  6  16  61  56  303  7  50  64  192  302  8  0  87  0  1506  9  0  78  0  1018  10  0  79  0  1578   Total  224  686  988  6140 oil statistically could not be the root cause for the failures on all units involved.
BEARING INVESTIGATIONS AND SOLUTION
The bearing is an ABB design, low power loss, Hence, sufficient jacking oil flow at an adequate pressure level not only maintains a minimum oil film thickness at low rotational speeds but it also limits peak pressure loading of the babbitt.
As discussed with other bearing manufacturers and the author of Glienicke (1970) , a minimum film thickness of about 20-30 m (0.8-1.2 mils) has to be maintained to ensure safe operation of a journal bearing without scratching or even wiping the babbitt, even if fine lube oil filters are in use. Additionally, even a high grade babbitt will not sustain the excessive oil film peak pressure loading which occurs in the absence of sufficient jacking oil flow at low rotational speeds for a highly loaded bearing.
The jacking oil supply ofthe new auxiliary system for the GT11N2 units hence has been checked. With effectively less than 0.71/min (0.2 gpm) the flow, and therefore the minimum clearance was found to be marginal, leading to the experienced 2.7% start/ stop failures. Evaluation of the investigations performed led the OEM to reset the jacking oil flow to 61/min (1.6 gpm), and thereby increasing the minimum film thickness by more than 20 tm (0.8 mills) at low speeds. Modifications were done on all existing units.
After the rectification, and by the time this article was written, the GTllN2 fleet had accumulated more than three times the start stop cycles (and more than six times the fired hours) than with the marginal jacking oil flow without one new failure of the bearing babbitt; see Table I .
From Metallographical analysis of the failed surface as well as available material property data proved the failure scenario of HCF with high mean stress. With this insight, the design change in the critical but very limited blade area was straight forward, the two frequencies were detuned and the mean stress was lowered. Again, Table I clearly proves the success of the design change with the number of operating hours, i.e., "old, Unit 1" until failure as compared to "new, Unit 8 through 10", the latter units being originally supplied with the modified last stage blade.
The two failed blades were reflected by the casing, and, in a domino-like effect damaged other blades in their vicinity to various extents. The resulting total equivalent blade out was around 10 neighboring blades, see Fig. 5 , an unbalance that most industrial gas turbine rotors would not be capable of carrying without major destruction As the machine was opened for analysis and repair, it became apparent that the gas turbine rotor had survived the extremely large imbalance incident very well. Even though considerable rubbing had occurred in the compressor section it resulted in relatively minor damage to the rotor. The surface rubbing and some burrs were rectified easily. However, it also became apparent that improvement to the existing structure, mainly auxiliary piping, was possible and could be implemented with reasonable effort. Increasing tle rigidity of the broken generator exciter support again was straight forward with additional and stronger bolting to sustain loads much higher than originally anticipated. The auxiliary piping was further investigated. Apparently, a balance between distance of supports, piping flexibility, and attached masses (flanges) had to be found. The design of such "low tech" but very obviously still essential items has therefore been investigated in very detail. Design principles were improved to an outlay as insensitive as possible to very high transient excitations, although they only occur during uncommon but extreme fault conditions. It was found that designs can be established which will withstand the extreme loading of a last stage failure but that such piping will need thorough inspection in the aftermath, as the endurance limit almost certainly will be exceeded during such an event, i.e., such high loading can be sustain for a limited number of cycles, only.
Rectifying design principles after such an event certainly does lead to an overall improved product safety. However, the need for a comprehensive understanding and prove of the theoretical background of rotordynamics coupled to structural dynamics was strongly felt after the incident. The OEM and the owner of the gas turbines therefore decided to undertake a joint effort to establish baseline rotor-and structural dynamic base line data of the units as installed on site. This investigation was seen as a unique possibility to check and prove design parameters, a task impossible to fulfill with high accuracy on a test stand. With the owners best interest to fully understand his equipment, and hence, with his full support the following investigation could be undertaken. Figure 6 shows all measurement locations along the rotor train as defined by the OEM. Bearings are numbered through 6, starting at the turbine end. For a better assessment ofmode shapes, the location at the intermediate shaft (spool) was chosen in addition to standard locations at bearings. Special attention was also given to the two bearing locations of the gas turbine itself. Here, shaft measurements were taken inboard and outboard of the bearing, to avoid inaccurate measurement in potential mode shape nodes around the bearing, and to assess shaft to stator alignment during operation. The movement of the bearing shell relative to its support structure was measured in bearing 1, planes 4 and 5.
MEASUREMENT OF GAS TURBINE ROTOR AND STRUCTURAL DYNAMICS
The displacement measurements of bearing 1, planes 2, 4 and 5, of bearing 2, plane 2, and of the intermediate shaft and generator in general are nonstandard. An additional non-standard measurement is the absolute vibration at the intermediate shaft location which was introduced to gain full relative and absolute vibration characteristics along the entire rotor train. Hence, extensive instrumentation and wiring was needed. This part of the project was executed by the owner, with his own staff on site. He also installed a measurement trailer adjacent to the gas turbine enclosure, to which he led all, standard and non-standard vibration measurement channels.
Measurement and data reduction itself was contracted to Bently Nevada Corporation (BNC).
The OEM specified the locations and type of measurement needed, and BNC was responsible to establish the measurement hardware set-up, data storage and reduction, as well as to perform the entire measurement. During the measurement, the owner was operating the unit jointly with OEM commissioning staff. Special care had to be taken, as deliberately large trial unbalance weights were installed alternatively on both sides of the gas turbine to assess its characteristic behavior.
Measurement Equipment
The transducer suite for this investigation, consisted of proximity probes, velocity seismic transducers, and thermocouples. (1998).
LINEAR ROTORDYNAMICS
Measured results were compared to originally calculated natural frequencies and forced response runs, based on the model shown in Fig. 8 through 5 are less reliable as unbalance excitation has only been applied to the gas turbine part of the rotor train.
Discrepancies in bearing stiffness and damping are in the order of a factor 2-3. They are caused to some extent by tolerances in bearing diameter and length. However, the strongest influence on parameter discrepancies result from variations in effective static load on each bearing due to non-perfect rotor train alignment (as discussed in Florjancic et al. (1998) (Fig. 8) , from effectively non-parallel axes of rotor and bearing liner which is not taken into account in the theoretical prediction, and the limited accuracy of measurement data. The comparison of the parameters given clearly indicates the realistic accuracy of theoretical prediction (of a "perfect system") compared to effective machine behavior.
Differences in structural stiffnesses are somewhat larger than in bearing parameters. The extent and complexity of the support structure is considerable, including many bolted and fitted interfaces. The FE model shown in Fig. 9 is not sophisticated enough to represent exactly the effective multi-layer machine support structure. However, even a more detailed model would show discrepancies due to tolerances, and, more importantly, due to varying conditions in interfaces. Non-linearities in interfaces (friction and looseness) also change the stiffnesses according to effective pre-load, i.e., with the state of alignment. It was therefore chosen to limit the scope of the FE model, and all interfaces and their variations were not included for the analysis.
Critical speeds of the original design study were also compared to measured values. Again, as test unbalances had been put into the gas turbine rotor only, critical speeds of the generator part of the rotor train were only weakly excited and are less accurate to determine. An overview of predicted and measured critical speeds is given in Table III .
Structural modes obviously cannot be predicted by the model of Fig. 8 A blade loss incident lead to a unusually large unbalance of the gas turbine. After the safe shut down it was found that the rotor also in practice behaves as unbalance insensitive as described in Florjancic et al. (1997) . Damage to the rotor was minor rubs and burrs. Structural damage to auxiliaries was of more concern, and design principles were changed to ensure that in the future such piping will safely sustain the fault conditions.
The extensive vibration measurement leading to enhanced and proven understanding of the dynamics of the rotor train was only possible as a cooperation of the owner, responsible for the infrastructure, the OEM defining the program and data needed, and the contracted vibration specialists executing the campaign and establishing appropriate data reduction methods. Comparison of the measured and reduced data with design values proved sound design tools and accuracy had been achieved. Parameters used for the modeling of the support structure were measured to be correct, and hence, the dynamic behavior of the rotor train had also been predicted with reliable accuracy.
Non-linear rotordynamics was found to be needed to assess a huge unbalance equivalent to several blades. However, tools to couple rotordynamics and the stationary components of the gas turbine under impact would be needed but are not readily available.
This entire project showed how the cooperation between owner, OEM, and subcontractors can lead to success and gain for all parties involved.
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